The familiar results of e ective charge theory of the electronic stopping of heavy ions in solids have hitherto been based on the target model of a homogeneous electron gas. The`heavy ion scaling rule' and experimental proton data were used to incorporate the major information on the polarization of real target materials. Introducing Kaneko's generalized target dielectric functions provides a description of the physical processes from a more ab initio point of view. We propose three re nements of his theory to explain heavy ion stopping data: (i) a correction to introduce band gaps in the target susceptibilities, (ii) a model to exclude the target polarization nearby the ion nucleus from the calculation, and (iii) generalized susceptibilities of target p and d shells. A nal discussion points out that the mutual screening of free and d electrons in transition metal targets is most pronounced for light ion stopping powers, but that a wishful special treatment of electrons in d bands of solid state targets, as opposed to their atomic states, is still missing. 61.80. MK, 61.72.Tt Typeset using REVT E X 1
I. FUNDAMENTALS OF EFFECTIVE CHARGE THEORY
In e ective charge theory the ion is a classical charge density m (r) = Z 1 e (r) + e (r) | a nucleus with atomic number Z 1 and a charge cloud e of bound electrons | moving with velocity v through the target material. The information on the target is exclusively taken from its dielectric function (k; !). Standard 
Fully stripped ions, characterized by m (k) = Z 1 e, obey the scaling dE=dx / Z 2 1 in arbitrary targets according to (3) , if does not depend on Z 1 , i.e., if we restrict to the linear electric susceptibility of the target. 5{7 Only partially stripped ions with extended clouds of bound electrons are characterized by Qe < m (k) < Z 1 e, with Qe = R m (r)d 3 r the total ion charge and q Q=Z 1 the ionization fraction. The resultant deviation from the basic Z 2 1 -scaling motivates the de nition of the e ective charge fraction S(Z 1 ; v; q) ( Z 1 ) 2 S(Z 1 = 1; v; q = 1):
The stopping cross section S per target atom is related to the density at of target atoms by jdE=dxj = S at : (5) Heavy ion stopping calculations may interpret (4) not as a mere de nition but as thè heavy ion scaling rule.' 1;8;9 The dependence of on q, on the target atomic number Z 2 and on v is estimated from a free electron gas (FEG) target model. Experimental proton data S(Z 1 = 1; v; q = 1) and are inserted into the r.h.s. of (4) to compute the heavy ion stopping. This scaling step is essential to incorporate the full information on the target polarizability, which is missing in the theoretical estimates of . The experimental proton data deliver the contributions of the target inner shell electrons.
Wishing to present a more ab initio stopping power calculation by using (3) directly, we must install an improved target description. A positive side e ect of this decoupling of heavy ion from proton calculations is that the higher order Z 1 e ects, which are more important for light ions, perturb the heavy ion calculation to a minor degree.
II. KANEKO THEORY OF TARGET SHELLS
Hereafter, this improved target description will be the Kaneko theory of superimposed target shells. 10{13 Its attractive features are: (i) general parameterization of all elemental targets, shell by shell, (ii) evidence of success in the prediction of light ion stopping data, and (iii) analytical expressions of the susceptibility of each target shell. The theory calculates the stopping cross section per target atom by the independent superposition of the 1s, 2s, 2p, . . . shell cross sections, and, when appropriate, of a`shell' of free electrons. The dielectric function of the latter was taken from the Lindhard{Winther (LW) theory, parameterized by the Fermi wave number k F or the one-electron radius r s 
The susceptibility R of each target shell of bound electrons was calculated within the lowest order perturbation theory of the polarization, the so-called random phase approximation (RPA), modeling the electrons by a wave packet with a Gaussian momentum distribution in the ground state, w(p) = exp n ? ( (11) from free-atom Roothaan{Hartree{Fock wave functions '(r). 15 Though the individual q 1 are not at all free parameters, some uncertainty arises from the usage of either the`double zeta' functions, or the more accurate functions with the`extended' basis set of the Clementi{Roetti (CR) tables 15 in (11) . Examples are listed in table I. We may obtain even more rough and quick estimates, if ' is approximated by the single orbital '(r) = (2 ) n+1=2 r n?1 e ? r Y 00 (r)= q (2n)! with principal quantum number n; the coe cient may e.g. be taken from the CR`single zeta' values 15 
III. EXCITATION GAPS OF INNER TARGET SHELLS
Examples of proton data obtained from the original Kaneko theory show good general agreement with the experimental values (Fig. 1) . In the high-velocity region, it generally overestimates the stopping power by roughly 5 { 10 %. We suppose that this overestimation is caused by an overestimation of the energy loss function, since the integral (8) comprises electron scattering by any wave number and energy. Actually, excitations with energy transfer h! less than the binding energy E bnd , which means scattering into band gaps or occupied states, must not contribute to the polarization in this order of perturbation theory. In principle, E bnd should represent the minimum energy di erence of the individual energy level of the shell and the next higher empty or partially lled band. In practise, we approximate the values E bnd by the energy di erence between the individual shell and the level of the highest occupied orbital of the free target atom. 15 The band widths and band dispersion of the solids are in so far neglected in favor of a simple atomic model. Furthermore, we correct by hand' and cut Im R of the Kaneko theory by the substitution Im R (k; !) = 0; if j h!j < E bnd ; (13) as did Arnau et al. 18 Fig. 2 for one example. It proves that the di erences are small and constrained to small areas nearby h! E bnd , the bold hyperbola. Including the KK analysis would result in a slight reduction of the integrand near the plasmon ridge and a further reduction of the stopping cross section. The Kaneko theory de nes a plasmon energy h! p of each shell 11
and the plasmon dispersion relation
This plasmon ridge is seen in the upper left corner of Fig. 2 inside the region which is retained by the energy cut. In the sense of the simple criterion E bnd > h! p , the energy cut suppresses the plasmon excitation of all s shells, of the 2p shells of target elements heavier than (`beyond') 14 Si, of the 3p shells beyond 25 Mn, of the 4p shells beyond 42 Mo, of the 5p shells beyond 56 Ba and of the 3d shells beyond 43 Tc.
Results of this energy cut are plotted in Fig. 1 . The high-energy tail of the theory is improved and matches the t to the proton data by Ziegler, Biersack and Littmark (ZBL) with winning accuracy. Another di erence to the original theory is that the stopping cross sections of the energy-cut shells of bound target electrons are no longer / v at low velocities, but rise with a higher power of v. 19 At low velocities, the total cross section becomes worse than the original theory by the reduction of the bound-shell contributions. This remaining underestimation of the stopping is a well-known feature of the RPA and of the neglect of nonlinear susceptibilities applied to the FEG. 20{23 
IV. HEAVY IONS: THE DEAD SPHERE
We took proton projectiles when discussing the target dielectric properties in the previous section, because they deliver the probe with the least uncertain m (k), but now turn to partially stripped heavy ions. To meet the problem of installing an ion model and its respective stripping degree 7;24 we shall (i) use the Brandt{Kitagawa (BK) ion model 1 e (r) = ?Ne 4 2 e ?r= r ; m (k) = Z 1 e q + (k ) 2 1 + (k ) 2 (15) to describe the ion with N Z 1 ?Q bound electrons and size parameter , and (ii) take q and from the ZBL program. 8 The advantage of this procedure is the approximate incorporation of the knowledge of the ion shell structure (Fig. 3) , and the related Z 1 oscillations.
Because q and were determined in a joint t 8 to experimental data, potentially arti cial features of one of them are expected to be moderated by using both at one time. The disadvantage is that they were bound to the correctness of a t formula (k F ) that we shall implicitly replace by using (3) for protons and heavy ions.
The thin solid curves in Fig. 4 illustrate that, increasing Z 1 , the stopping cross sections predicted by the theory become worse more and more, which is most pronounced at the maxima of S(v). 25 Our suggestion in this section | a ecting all kinds of target models of e ective charge theory | serves to explain and remove this discrepancy. We regard the polarization charge (16) and call it a`dead sphere' analogous to the model of a dead layer 26 of the excitonic polarization near a semiconductor surface. The idea is to exclude the excitation of target electrons in the close neighborhood of the ion nucleus, where the available space is occupied by the bound electrons, which already provide a good description of the electron density. The jellium model, the in nitely extended positive background and homogeneous density of target electrons, is replaced inside the sphere by an atomic theory for the ion. The model removes the contributions of two processes from the calculation that are therefore supposed to be heavily suppressed, (i) either a target electron being scattered from outside into the close neighborhood of the nucleus or (ii) a target electron nearby the nucleus being scattered to the outside. The new stopping power is computed in appendix A. The best t of r c to improve the theoretical stopping cross section is in the order of the size parameter (Fig. 4) , which is a function of the ion velocity and stripping degree (Fig. 3) . It indicates that the physical picture of a non-polarizable core region around the ion nucleus is correct. In the case of 15 P, r c is comparable with the radius of the L shell at v 0, and tends towards the radius of the K shell, if only two bound electrons are left. In the case of 33 As, r c is approximately the radius of the M shell and tends towards the radius of the L shell, if N 12. In the case of 5 B, however, the best result is obtained without dead sphere. But this looks reasonable, too, because at v > 2v 0 only N < 2 bound electrons are left. Their density is no longer much larger than the density of the target electrons, their`repelling e ect' too small and localization too weak to prevent a penetration by target electrons.
V. SUSCEPTIBILITIES OF p AND d SUBSHELLS
We return to the Kaneko target model and note that the theory predicts the maximum of S(v) of the heavy ion As in Fig. 4 shifted to a smaller velocity compared with ZBL. Does this suggest another weakness of the model? The maximum of light ions is predicted accurately and is determined by the free target electrons. As Z 1 increases, its position is xed rather by the maxima of the next inner p and d shells. There is one reason to treat these subshells with nonzero angular momentum quantum number di erent: the Gaussian approximation (7) of the momentum distribution was derived from an application of statistical physics. 11 Subsequently it is directly interpreted in the sense of a wave function in momentum space.
A nearly Gaussian form of j'(p)j 2 is obtained for any angular momentum quantum number l, if the wave function '(r) is averaged over all directions of r, equivalent to replacing the angular dependence / Y lm (r) by the constant / Y 00 (r), prior to the Fourier transform (12) .
We propose to switch to the momentum representation rst, and to average afterwards over the directions of p, replacing Y lm (p) by Y 00 (p). The factor (ip) l in (12) recommends the generalized ansatz w(p) = c 2 l p 2l exp n ? (p= q) 2 o ; (17) if the approximation of the sum by a Gaussian is kept. The free-electron and s target shells are left untouched. Another type of function was used for example by Moneta et al. 27 for electrons with degenerate states of l and m quantum numbers in 1=r-potentials.
The standardization factors c l are chosen to keep the total probability of the original theory of nding the electrons with any wave number, 
Table III cites some values of q 1 that are computed from a maximum search of j'(p)j 2 of the extended basis set of the CR tables. 15 Fig . 5 illustrates the in uence of the new susceptibility on the p subshell and total cross section of a 14 Si target. The total e ect of the modi ed ground state momentum distribution on the susceptibilities and stopping power is much less than one might have expected. The susceptibilities by (8) do not depend on how many states are occupied (free) at momentum hk, but how many are occupied (free) hk apart from the ground state. This`di erential' point of view does not invoke huge di erences between the smooth curves (17) of di erent l.
The t (17) has been derived from wave functions of isolated target atoms. Its wave packets with l > 0 are even more distinct from the free-electron step function than the original l = 0 theory. We therefore believe that any improvement of the results for solid transition metal targets by our new susceptibilities would be accidental, because the electrons in d-bands should have features closer to free electrons than electrons in p-orbitals. In Fig.  6 , we include a variant of the theory with one of the Cu 3d 10 electrons moved to the freeelectron shell. The fact that it is not worse than the original 3d 10 con guration supports the opinion that the`free' character of the 3d electrons in the Kaneko model should rather be intensi ed than reduced.
VI. MUTUAL SCREENING OF TARGET SHELLS
Eq. (6) 
and nally inserted into (3) . If this kind of Hartree interaction between the shells is switched on, we obtain the bold dot-dashed curve in Fig. 6 . At this point, the energy cuts and the (numerical) KK analysis 28 of the individual~ R become essential to decrease the in uence of the quasi-static polarizability of the inner target shells on the low velocity stopping power. Therefore, all dot-dashed curves of Figs. 6 { 7 have been calculated including both. A further qualitative di erence to the independent-shell treatment is the extinction of the free-electron plasmon, if its energy 2 p 3r ?3=2 s E 0 is above E bnd . In the case of the 29 Cu target for example, the free-electron plasmon is strongly reduced, since it may decay into 3d single electron excitations | the two spectra with in nite (Im~ R = 0) and nite (Im~ R > 0) life times sum up to a nite life time ( P Im~ R > 0).
The target in Fig. 6 has been chosen to present the worst case of inherent uncertainties, the case of transition metal targets; the same group of calculations with a 14 Si target in Fig.  7 delivers less varying results. The 3d shells of the transition metals with at = sh 1 and practically no binding energy interfere with the free-electron shell, if the mutual interaction is switched on. The energy loss functions of lower-level target shells are generally better separated in (k; !)-space, and their mutual (anti)screening is less e cient.
Heavy ions, which suppress the low-k parts of the energy loss function by m (k) Z 1 e at low velocities, are less sensitive to the modeling of the outer target shells. For example, the double bump of the free-electron shell and 3d shell in Fig. 6 vanishes, if Z 1 > 5.
VII. SUMMARY
We discussed various rather independent modi cations of the Kaneko dielectric target model applied to electronic stopping, which leads to a more thorough understanding of the role of the inner-shell target electrons.
First, we introduced energy cuts in the energy loss functions for further improvement. Second, we turned to the incorporation of heavy ions in the Kaneko theory, aiming to calculate heavy ion stopping powers directly without recourse to the heavy ion scaling rule. The increasing overestimation of the original theory when increasing the ion atomic number may be understood as a wrong accounting of the target polarization at the ion place in the standard formula. A model to let the ion move rather through than across the target electrons can reduce this systematic error.
Third, based on a more selective description of the target electrons in p and d subshells, new formulas for their susceptibilities are proposed here. They are derived from wave functions of isolated target atoms, and therefore the d shell momentum distribution is even more distinct from a free-electron model than the original theory. Further improvements are only expected from a ne tuning of the d electrons in the solid state of the transition metals. This will mainly a ect the light ion stopping powers.
Fourth, a mutual screening of the di erent target shells may be introduced by composing a joint dielectric function instead of adding up independent polarization charges. With the exception of transition metal targets the resultant in uence on the electronic stopping cross sections remains small. 
APPENDIX B
The RPA formula (8) with (17) The integrals are handled with Eqs. (12) free (2) 2p (6) 2s ( (14) free (4) 2p (6) 2s ( (14) free (4) 2p (6) 2s ( 
